Epigenetic properties of cultured embryonic stem cells (ESCs), including DNA methylation imprinting, are important because they affect the developmental potential. Here, we tested a variety of culture media, including knockout serum replacement (KSR) and fetal bovine serum (FBS) with or without inhibitors of Gsk3β and Mek1/2 (2i) at various time points. In addition to the previously known passagedependent global changes, unexpected dynamic DNA methylation changes occurred in both maternal and paternal differentially methylated regions: under the widely used condition of KSR with 2i, a highly hypomethylated state occurred at early passages (P1-7) as well as P10, but DNA methylation increased over further passages in most conditions, except under KSR with 2i at P25. Dramatic DNA demethylation under KSR+2i until P25 was associated with upregulated Tet1 and Parp1, and their related genes, whereas 2i regulated the expressions of DNA methyltransferaserelated genes for the change in DNA methylation during the cumulative number of passages. Although DNA methylation imprinting is more labile under KSR with and without 2i, it can be more faithfully maintained under condition of cooperative FBS and 2i. Thus, our study will provide the useful information for improved epigenetic control of ESCs and iPSCs in applications in regenerative medicine.
| INTRODUCTION
Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) derived from differentiated cells using stem cell factors, such as Klf4, Oct3/4, Sox2 and Myc (Takahashi & Yamanaka, 2006) , are useful tools in genetic engineering and regenerative medicine. For these applications, pluripotency and genetic and epigenetic stability are important considerations. Inner cell mass (ICM)-derived mouse ESCs have proliferative, self-renewal and pluripotent cellular properties, which are supported by the regulatory arrays of essential control genes in ESCs, including signal transducer and activator of transcription 3 (STAT3), leukemia inhibitory factor (LIF) and phosphoinositide 3-kinase (PI3K) (Cartwright et al., 2005; Jirmanova, Afanassieff, Gobert-Gosse, Markossian, & Savatier, 2002; Paling, Wheadon, Bone, & Welham, 2004; Watanabe et al., 2006; Welham et al., 2011) . Recent improvements in ESC culture conditions have enabled the efficient establishment of ESC lines and increased proliferation with high pluripotency (Lee, Chuang, Guo, & Tu, 2012; Tanimoto et al., 2008; Ying et al., 2008) . Inhibition of both Gsk3β and Mek1/2 (so-called 2i condition), which induce β-catenin stabilization and suppression of lineage-specific genes, respectively, leads to efficient and stable maintenance of undifferentiated ESCs (Ying et al., 2008) .
In broad terms, imprinted genes, both paternally and maternally expressed genes (Barlow & Bartolomei, 2007; Cattanach & Kirk, 1985; Kaneko-Ishino, Kohda, & Ishino, 2003; McGrath & Solter, 1984; Reik, Dean, & Walter, 2001; Surani, Barton, & Norris, 1984) , form several clusters at certain chromosomal loci, and each cluster has at least one differentially methylated region (DMR) (or imprinting control region [ICR] ) that is distinct within the male and female germlines (Sasaki & Matsui, 2008) . DNA methylation imprints persist throughout the first wave of genomewide DNA demethylation after fertilization, in contrast to the dramatic demethylation in nonimprinted loci (Inoue & Zhang, 2011) . The genomic imprints essential for normal embryonic development are stably maintained in somatic cell lineages throughout the life of an organism, whereas they are erased in primordial germ cells (PGCs) (Hajkova et al., 2002; Lee et al., 2002) and then re-established during gametogenesis (Davis, Yang, McCarrey, & Bartolomei, 2000; Hiura, Obata, Komiyama, Shirai, & Kono, 2006; Li, Lees-Murdock, Xu, & Walsh, 2004; Obata & Kono, 2002; Ueda et al., 2000) . In contrast to the previously reported successful cloning from somatic cells , nuclear transferred (NT) embryos from PGCs are nonviable , thus indicating that normal development in vivo strictly requires normal DNA methylation imprints because epigenetic marks must not be erased and/or added aberrantly. However, the conventional in vitro culture environment for ESCs under fetal bovine serum (FBS) and LIF causes aberrant DNA methylation of ESC-derived NT clones (Humpherys et al., 2001) and ESCs themselves with prolonged passages (Dean et al., 1998) . Additionally, aberrant expressions of imprinted genes are induced in mouse iPSCs and ESCs in conventional ESC culture medium (FBS and LIF), and variable imprinting has significant effects in highly sensitive human ESCs (Kim et al., 2007; Schumacher & Doerfler, 2004; Stadtfeld et al., 2010) .
Compared with conventional ESC medium supplemented with FBS and LIF, 2i (inhibitors of Gsk3β and Mek1/2) medium with N2B27 supplementation for serum-free and feeder-free culture appears to be efficient for maintaining pluripotency of the E14 ESC line derived from the 129 strain. Although the reports on genomewide analyses using this combination have shown that 2i medium induces global demethylation, but imprinted loci are resistant to this demethylation (Ficz et al., 2013; Habibi et al., 2013; Leitch et al., 2013; von Meyenn et al., 2016) , recent reports showed that mouse ESCs cultured in 2i and LIF (2i/L) also results in epigenetic changes in imprinted DMR (Choi et al., 2017; Yagi et al., 2017) . In the case of C57BL/6 (B6)-derived ESCs, a combination of knockout serum replacement (KSR) (a useful replacement for FBS) (Shimizukawa et al., 2005; Wakayama et al., 2007) and/or 2i accelerates the establishment efficiency of ESCs and allows maintenance of ESCs without loss of pluripotency (Lee et al., 2012; Tanimoto et al., 2008) . Thus, KSR is currently in use for culturing mouse ESCs and human pluripotent stem cells. Vitamin C, a component of KSR, induces global demethylation and mimics blastocyst-like characteristics linked to developmental capacity (Blaschke et al., 2013) . Given that previous analyses have shown restrictions in time points or methylation levels of imprinted loci without discrimination in the parental allele, it is still necessary to investigate epigenetic marks such as DNA methylation imprints in further detail in several in vitro conditions. In this study, we comprehensively examined the influence of culture conditions and the length of the culture period on pluripotency and parental origin-specific DNA methylation of imprinted DMRs by using ESCs from F1 hybrid embryos between B6 oocytes and JF1 sperm (BJ ESCs).
| RESULTS

| Epigenetic properties of ICMs of early embryos and established ESCs at very early passage 3-5
Generally, it is believed that parent-of-origin-specific monoallelic DNA methylation patterns of imprinted DMRs stably persist in mouse ICMs (i.e., future embryos) (Hirasawa et al., 2008) , whereas the loci of nonimprinted genes are also globally demethylated during early embryonic development. To clarify whether parent-of-origin-specific DNA methylation was maintained in ICMs, we examined DNA methylation imprinting in mouse ICMs isolated from the blastocysts by removing trophectoderm by immunosurgery (Solter & Knowles, 1975) . Damaged trophoblastic layer and debris of dead cells by the two-step procedure of exposure to antiserum and complement were completely removed by pipetting, and only ICMs were recovered ( Figure 1a) . Unexpectedly, we detected partial DNA demethylation in imprinted DMRs to some extent even in the ICMs (Figure 1b ) compared to that in somatic cells (Figure 1c ), suggesting that DNA methylation of the DMRs at this stage is labile in vivo.
To determine whether epigenetic property of ICMs is maintained in established ESCs at very early passage, we examined DNA methylation imprinting in very early passaged BJ ESCs established in KSR-based ES medium and supplemental 2i (K + 2i). Remarkable hypomethylation of the Peg5 and H19 DMRs and slight DNA demethylation of Snrpn were detected in very early passaged male ESCs (P3-5) suggesting the aberrant demethylation occurred at initial stage of establishment by culture conditions (Figure 1d ). Therefore, it is likely that the DNA methylation patterns in very early passage ESCs represent both the bona fide labile nature of the imprinted DMRs at the ICM stage and additional culture condition effects.
| Evaluation of cellular and epigenetic
properties of BJ ESC lines established in K + 2i at early passage 7
Next, we examined the DNA methylation profile of these lines together with cellular profiles at P7 (established and maintained in K + 2i until P7). Eight male and three female ESC lines were examined ( Figure S1a ). All lines exhibited a typical dome-like morphology (Figures 2a and S1b) as well as stem cell properties, such as positive for alkaline phosphatase activity and stem cell markers, including Nanog, Oct3/4 and SSEA1 (Figures 2b and S1c, d) . Their karyotype was also confirmed to be normal (Figures 2c and S1e) .
For the analysis of DNA methylation status, we examined only male ESC lines because it was reported that female ESCs exhibit global and ICR-specific demethylation presumably due to the presence of two active chromosomes (Yagi et al., 2017; Zvetkova et al., 2005) . Regardless of these normal cellular properties, these male ESC lines displayed further abnormality of DNA methylation status in three maternally and two paternally imprinted DMRs, such as Peg5, Snrpn and Igf2r-DMRs and H19 and IG-DMRs, respectively, suggesting that the K + 2i condition is not suitable for the maintenance of imprinted DNA methylation memories (Figures 3 and 4 , see also Figure 6a ). Compared with the DNA methylation patterns in somatic cells (Figure 1c ), distinctive DNA hypomethylation of both maternally and paternally imprinted DMRs was detected, although the DNA methylation profile, the sensitivity to DNA demethylation, was different in each cell line (relatively resistant; #1 and g, sensitive; #3, a and b, hypersensitive; #2). It was suggested that the Peg5 DMR is more sensitive to DNA demethylation than other DMRs, whereas the H19 DMR showed complex behavior between DNA demethylation and DNA methylation in both maternal and paternal alleles, respectively. This might be due to differential phase-specific 2i effect during culture, as discussed in a later section. To examine the factors that influence DNA methylation of imprinted DMRs, we further cultured the above 3 lines of ESCs (#1, #2 and #3) after P7 in four types of culture medium, K + 2i, K (without 2i), F + 2i and F and analyzed methylation at three time points (at P10, P25 and P50). ESC lines #2 (hypersensitive at P7) and #3 (sensitive) proceeded to show further DNA hypomethylation of maternally imprinted DMRs at P10 regardless of the culture medium, and the same was even true for ESC line #1 (relatively resistant) (Figures 3 and S2a) . Interestingly, at P25 of ESC line #1, DNA methylation appeared to have increased specifically in the maternal alleles, except for on Igf2r and Snrpn in cells cultured in K + 2i medium. Increase in DNA methylation in cell lines #2 and #3 was also shown on Igf2r (#2 and #3 in F) and Peg5 (#3 in K). However, Peg5 in K + 2i media exhibited severe hypomethylation in all three lines, thus suggesting that the K + 2i condition accelerated DNA demethylation or repressed DNA methylation with respect to the parent-of-origin-specific allelic marks. At P50, Igf2r and Snrpn DMRs of ESC line #1 finally recovered maternal DNA methylation comparable to that of the somatic cells even in the K + 2i medium. In the case of ESC lines #2 and #3 (initially hypomethylated lines), the rescue of maternal methylation occurred in some cases in the F + 2i medium (Igf2r in #2 and Snrpn in #3).
As a result, in ESC line #1, which exhibited a relatively stable imprint status at P7, maternally imprinted DMRs exhibited dynamic changes during culture periods (P7-P50) and were dependent on culture media. This line showed DNA hypomethylation to some degree at P10; however, it recovered Igf2r and Snrpn DNA methylation after a long time period (P25 and P50) regardless of the K + 2i condition, suggesting that long-term culture in vitro may gradually accumulate DNA methylation activity. However, in the case of the Peg5 DMR, no such recovery was observed, suggesting that when DNA hypomethylation goes beyond the working threshold of the imprinted marks in the earlier stages, it becomes difficult to recover the proper DNA methylation status even after prolonged culture.
For paternally imprinted DMRs, altered de novo DNA methylation was detected in maternal alleles that are normally unmethylated in somatic cells (Figures 4 and S2b) ; the H19 DMR exhibited aberrant maternal methylation at P10, reflecting its initial status at P7, regardless of culture medium, whereas the IG-DMR exhibited de novo methylation on the maternal allele during the cumulative number of passages even in the presence of 2i, and the paternal alleles maintained relatively complete methylation. In particular, in ESC line #1, F medium, the conventional ESC medium, exhibited maximal DNA methylation at both the maternal and paternal alleles. These results suggested that the effect of culture medium, especially in the presence of 2i, on methylation shifts is different between the maternally and paternally imprinted DMRs. ESC lines #2 and 3 exhibited similar but more complex changes during these stages (P7-P50). It became apparent that the Peg5 (maternal) DMR is more sensitive than other DMRs, whereas the H19 (paternal) DMR exhibited more complicated behavior because the paternal allele became hypomethylated whereas the maternal allele became hypermethylated.
| Phase-specific effects of 2i between
DNA demethylation and methylation during ESCs culture
Previous reports have described alterations in DNA methylation of imprinted DMRs in ESC-derived NT clones (Humpherys et al., 2001 ) and accumulation of DNA methylation in the H19 DMR (Dean et al., 1998 ) that differs with culture length under conventional ESC culture medium conditions (F medium). Furthermore, the K + 2i condition was also reported to induce global DNA demethylation by repressing Dnmt3a, Dnmt3b and Dnmt3l through upregulation of Prdm14 (Blaschke et al., 2013; Ficz et al., 2013; Habibi et al., 2013) . These results suggested epigenetic instability of ESCs themselves and a substantial influence of the culture environment.
To clarify the mechanism of fluctuated methylation in ESCs, we analyzed potential upstream genes involved in DNA methylation in ESCs cultured under different conditions and culture periods ( Figure 5 ). Real-time PCR analyses showed that expression of Uhrf1 was significantly increased by prolonged culture in the presence of 2i, suggesting persistence of Dnmt1 during culture. The expression of Dnmt3a was decreased during long-term culture (P50). This expression would be inhibited via elevated expression of Prdm14 by addition of 2i, consistent with the previous reports (Blaschke et al., 2013; Ficz et al., 2013; Habibi et al., 2013) . On the contrary, Dnmt3a was highly expressed in F medium under long-term culture (P50), suggesting Dnmt3a may promote de novo methylation of maternal alleles in H19 and IG-DMRs (see also Figure 4 ). Unexpectedly, the expression of Prdm14, Dnmt3a and Dnmt3b was increased in P10 and P25 despite 2i addition. This result suggests that the regulation of Dnmt3a via Prdm14 was somehow perturbed. Importantly, some imprinted DMRs became hypomethylated regardless of the expression of Dnmt3a or Dnmt3b in K + 2i conditions at early passage (P10). In this case, the expression of Parp1/2 and Tet1/2 at P10 was increased in the presence of 2i, and their expression was correlated with hypomethylated status of imprinted DMRs, such as Peg5, Snrpn and Igf2r-DMRs (see also Figure 3 ), indicating existence of active demethylation. Therefore, it was suggested that 2i condition affects differently on imprinted DMRs, toward DNA demethylation or methylation, depending on culturing periods.
| Changes in DNA methylation during embryoid body formation
Given that different culture conditions influence the epigenetic properties of ESCs, it is also important to elucidate the relationship between in vitro differentiation and epigenetic changes under different culture conditions. Therefore, we examined whether altered DNA methylation of imprinted DMRs was recovered through in vitro differentiation during embryoid body (EB) formation ( Figure S3 ). In the Igf2r and Snrpn DMRs of EBs derived from P25 ESCs cultured in K + 2i media, demethylated maternal alleles in the original ESCs were remethylated. Additionally, P10 ESCs with initial demethylation of maternal alleles exhibited increased methylation. This result suggests that DNA demethylation in Igf2r and Snrpn DMRs was still above the threshold for reversible DNA methylation caused by some stimuli such as changes in in vitro environments; in other words, the epigenetic marks may not have been completely removed during in vitro culture. Unlike the Igf2r and Snrpn DMRs, the demethylated Peg5 DMR in ESCs (at P10 and P50) did not exhibit increased maternal methylation via EB formation, thus suggesting that the Peg5 DMR is hypersensitive to irreversible DNA demethylation. Additionally, P50 ESCs cultured in the absence of 2i exhibited slight de novo methylation, thus indicating a site-specific potential for accumulating DNA methylation (i.e., site-specific differences in Dnmt1, Dnmt3a and Dnmt3b activity) throughout successive passages of ESCs. DNA methylation of paternally imprinted DMRs during EB formation was aberrant for the paternal allele of the H19 DMR, which was not rescued by EB differentiation, and a similar result was observed for the Peg5 DMR. Additionally, the IG-DMR exhibited partial recovery of DNA methylation in the paternal allele, with mosaic-like DNA methylation 
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K+2i patterns suggestive of active demethylation (data not shown) (Kawasaki et al., 2014; Lee et al., 2002) . Furthermore, DNA methylation patterns of the H19 DMR inconsistently maintained the methylation status of ESCs and recovered methylation during in vitro differentiation.
| Cooperative interaction of FBS and 2i enables to maintain DNA methylation imprinting in ESCs
Our results suggested that the K + 2i condition is problematic for maintaining imprinted DNA methylation memories in early passages. Therefore, to investigate whether the DNA demethylation status in ESC lines established in K + 2i can be restored by culturing in the F + 2i medium from passage 1 (P1), we performed DNA methylation analysis of five male ESC lines (a, b, g, h and i) (Figure 6a ) in addition to ESC lines #1, 2 and 3. DNA methylation of these cell lines also showed low methylation of imprinted DMRs in K + 2i. However, importantly, ESC lines at P7 in the F + 2i medium from passage 1 (h and i) exhibited a DNA methylation pattern relatively comparable to that of somatic cells (Figure 1c ). This pattern was mostly comparable to that in the conventional FBS medium at early passage, as previously reported (Kanatsu-Shinohara et al., 2004). As described above, these ESC lines (h and i) showed also decreased methylation in K + 2i ( Figure S4 ) suggesting the exposure of K + 2i promotes DNA demethylation in imprinted DMRs in short time. Normal DNA methylation imprints have sometimes been reported in E14 ESCs cultured in N2B27 medium; however, the efficiency of establishment of the BJ ESC lines in N2B27-based 2i medium was very low, compared to the successful establishment of ESCs in K + 2i and F + 2i ( Figure S5) ; therefore, we did not examine DNA methylation in this condition. To assess whether it is possible to establish epigenetically stable ESCs, we examined DNA methylation imprinting in very early passaged BJ ESCs established in F + 2i. In these male ESC lines, the DMRs seemed almost normally maintained, suggesting F + 2i medium supports the stability of methylation imprint at least during early passage of ESCs (Figure 6b ). Then, their DNA methylation status in imprinted DMRs was examined during prolonged culture (Figure 6c ). At P7, P10 and P25, these ESCs showed similar DNA methylation pattern of imprinted DMRs observed at early passage (P3) as well as in somatic cells. This indicates that F + 2i condition can retain normal methylation imprinting even after prolonged culture.
| DISCUSSION
Our study demonstrated that the F + 2i condition could stably maintain imprinting memory during both establishment and maintenance of ESCs, whereas the K + 2i condition, which was effective in maintaining the pluripotency of ESCs, disturbed the epigenetic property in imprinted DMRs. Under specific culture conditions including K and K + 2i, we observed that loss or gain of DNA methylation occurred in several imprinted loci, in particular in the Peg5 and H19 DMRs, in ESCs derived from BJ hybrids. We also observed that the hypomethylation in imprinted loci even in the early passages of ESCs in the K + 2i medium; however, the hypomethylation may be repaired in the condition using the F + 2i medium during early and late passages. These findings provide very important information that should aid in improving the epigenetic stability of ESCs and iPSCs for use in regenerative medicine.
The ICMs, the origin of ESCs, were generally thought to maintain their stable parental imprinting memories. However, unexpectedly, our data suggest that ICMs may compose partial and/or flexible DNA methylation imprints, implying that they should exit this particular stage within a short period during embryogenesis to prevent DNA methylation imprint damages. Accordingly, the DNA methylation of ESCs may be unstable and readily influenced by culture conditions and their own fluctuating epigenetic regulation although they maintain developmental potential or differentiation capacity of the naïve state.
Another important point is that phase-specific effects of 2i between DNA demethylation and methylation exist during ESCs culture. The Gsk3β and Mek1/2 inhibitors, referred to as 2i, increased global DNA demethylation by repressing Dnmt3a, Dnmt3b and Dnmt3l through upregulation of Prdm14 (Ficz et al., 2013; Habibi et al., 2013; Leitch et al., 2013) . In the present study, 2i could downregulate the expression of Dnmt3a via increased expression of Prdm14 in longterm cultured cells (P50), whereas the elevated expression of Prdm14, Dnmt3a and Dnmt3b was detected in the presence of 2i in early passage (P10), suggesting perturbation of inhibition of Dnmt3 expression via Prdm14. However, aberrant DNA hypomethylation was observed in these early passaged cells (P10). It is highly probable that potential active demethylation process may play a major role in the early passaged cells, because our study confirmed the increased expressions of Tet1/2 and Parp1/2 in the presence of 2i. Considering this DNA methylation dynamics, it is likely that observed DNA methylation changes during culture resulted from not the selection of ESCs with specific DNA methylation but the occurrence of irregular DNA methylation and demethylation events in each individual cell.
Although the expression of Dnmt1 and Uhrf1 by the exposure of 2i has been a controversial issue whether their expressions are affected or not by 2i (Ficz et al., 2013; von Meyenn et al., 2016) , our study indicated that expression of Uhrf1 was increased by prolonged culture in the presence of 2i. Vitamin C, which has been identified as a key KSR component by 
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K+2i est. small molecule screening, reduced DNA methylation in ESCs; similar expression patterns of imprinted genes in blastocysts were resistant to vitamin C-induced DNA demethylation (Blaschke et al., 2013) . Dean et al. (1998) previously reported that DNA methylation of the imprinted H19 DMR in mouse ESCs increased with successive passages under conventional ES culture medium conditions (the F medium in this study). In addition, ESCs cultured in a serum-based medium showed globally high methylation levels in accordance with increased expression of de novo DNA methyl transferases including Dnmt3a, Dnmt3b and Dnmt3l (Stadler et al., 2011) . Given that it is also possible that adapted AKT1, which phosphorylates Ser143 of human DNMT1, increases the stability of DNMT1 (Esteve et al., 2011) , ESCs cultured in FBS for a long time period (i.e., P50 cells) may acquired CpG methylation, in the presence of LIF via accumulation of Dnmt1 and activation of Dnmt3a. Our study exhibited high expression of Dnmt3a in F medium under long-term culture, suggesting Dnmt3a may induce de novo methylation.
Methylation imprinting of H19, Ras-grf1, Peg3 and Snrpn is maintained in preimplantation embryos by Dnmt1 (Hirasawa et al., 2008) . PGC7/Stella partially preserved DNA methylation of genes encoding inhibitor of apoptosis proteins and some other imprinted loci (Nakamura et al., 2007) , and Zfp57, which is a putative Krüppel-associated box zinc-finger domain gene, are required for both the establishment of maternal imprinting of the Snrpn DMR and the maintenance of paternal and maternal methylation imprinting after fertilization . In association with PGC7/Stella and/or Zfp57, Dnmt1 enables the sustained germline methylation of imprinting in preimplantation embryos (Messerschmidt, Knowles, & Solter, 2014) . TRIM28, which forms a complex with Zfp57 and accumulates the H3K9Me3-enriched regions upon imprinting loci in embryos (Messerschmidt et al., 2012) , in mouse ESCs (Quenneville et al., 2011) noncanonically interacts with Dnmt1/NP95 for the maintenance of DNA methylation of ICRs in preimplantation embryos (Messerschmidt et al., 2014) .
We also found that the Peg5 DMR is highly sensitive to the DNA demethylation process that largely depends on 2i, although the core of the Peg5 DMR may be more resistant to this process, which may be caused by stimulating active demethylation machinery through the expression of Parp1. During the erasure process of epigenetic marks, in accordance with active and/or passive DNA demethylation, the Peg5 DMR in PGCs was demethylated at an earlier time than other DMRs, suggesting that the Peg5 DMR has a different methylation reprogramming mechanism, possibly the loss of Zfp57 and Trim28 complexes for maintenance of DNA methylation (Anvar et al., 2016) or active demethylation machinery.
It is possible that the effect of 2i on paternally imprinted DMRs is different from that on maternally imprinted DMRs because the accumulation of maternal DNA methylation is observed in paternally imprinted DMRs. Similar to what was shown on maternally imprinted DMRs, paternally imprinted DMRs also showed unexpected DNA hypomethylation (H19 prefer) of paternal alleles in early passaged ESCs (P3-P10) established in K + 2i (Figures 1d and 4) , thereby suggesting epigenetic plasticity of ESCs according to the imprinting locus, as reported previously (Kawasaki et al., 2016) . However, methylation of both paternal imprinting (H19 and Ras-grf1) and maternal imprinting (Peg3 and Snrpn) are faithfully maintained in preimplantation embryos by Dnmt1 (Hirasawa et al., 2008) , which is associated with PGC7/Stella and/or Zfp57 Messerschmidt et al., 2014; Nakamura et al., 2007) .
Is DNA demethylation necessary for high developmental potential? Hypomethylated P25 ESCs cultured in KSR or KSR + 2i media showed decreased differentiation capacity as demonstrated by lower tumor weights and low efficiency of tumor formation ( Figure S6 ). Also, recent study showed impairments of developmental potential in prolonged 2i/L cultured ESCs (Choi et al., 2017) . However, an excellent feature of ESCs is that despite their epigenetically unstable DNA methylation memories, they can be effectively and ideally used for the production of gene targeting mice because their improper DNA methylation imprints are re-established during germline transmission.
In conclusion, our study demonstrated that (i) the imprinted memory in ESCs and even in ICM cells derived from a BJ hybrid is labile and able to change under variable culture conditions and is mostly sensitive to the presence of 2i or KSR, and (ii) F + 2i condition is particularly effective in preventing this deleterious effect during both ESC establishment and maintenance. Thus, our study will provide the useful information of proper conditions (i.e., F + 2i) for maintaining faithful epigenetic properties of ESCs and iPSCs for regenerative medicine.
| EXPERIMENTAL PROCEDURES
| Animals
All animal experiments were approved by the Institutional Animal Care and Use Committee of Tokyo Medical and Dental University (TMDU).
| Establishment of ESCs through in vitro fertilization
Embryonic stem cells were established from hybrid blastocysts of B6 (C57BL/6NCrSlc) oocytes and JF1 sperm cells, henceforth referred to as BJ ESCs, through in vitro fertilization to allow maternal and paternal alleles to be distinguished. Superovulation was induced by the intraperitoneal Genes to Cells LEE Et aL. injection of 7.5 IU of pregnant mare's serum gonadotropin (PMSG; ASKA Pharmaceutical) into 7-to 9-week-old female mice and subsequent injection of human chorionic gonadotropin (ASKA Pharmaceutical) after 48 hr of PMSG injection. Insemination was carried out in CARD medium with precultured sperm from 12-to 19-week-old JF1 male mice in FERTIUP (Kyudo) on oocytes collected after 16 hr. The oocytes were washed in mHTF medium 3 hr after insemination and cultured overnight. Two-cell stage embryos were cultured in KSOM until blastocysts were formed. Healthy blastocysts were collected and treated with acid Tyrode's solution (Sigma-Aldrich) to remove the zona pellucida and finally transferred to MEF for the establishment of ESCs.
| Culture of ESCs and immunosurgery
BJ ESCs were cultured in KSR ES medium or FBS ES medium with or without 1 μM PD0325901 (MAPK inhibitor; Wako) and 3 μM CHIR99021 (GSK-3βinhibitor; Axon Medchem), which we refer to as 2i (Ying et al., 2008) . All ESCs were maintained on mitomycin C (MMC)-treated mouse embryonic fibroblast (MEF) feeder cells. To remove feeder cells for genomic DNA preparation, ESCs were cultured on 0.1% of gelatin-coated plate for two passages. Cells were collected at P10, P25 and P50. Additionally, early passaged ESC samples were collected at passage 3 (P3), passage 5 (P5) and passage 7 (P7). The basal culture medium was knockout DMEM (Gibco) supplemented with 1× NEAA (Wako), 1× nucleoside (Merck Millipore), 1× penicillin-streptomycin/glutamine (SigmaAldrich), mercaptoethanol (Gibco) and either 20% KSR or 20% FBS. For all cultures, 1,000 units of LIF were added to 1 ml of ESC medium. ICMs were isolated from trophectoderm cells by immunosurgery, as previously described (Solter & Knowles, 1975) . For immunosurgery, BJ hybrid embryos were treated with acid Tyrode's solution to remove the zona pellucida and washed with M2 medium. The zona-free embryos were incubated with anti-mouse red blood cells (1:10 in M16 medium; Rockland Immunochemicals Inc.) for 30 min at 37°C in a 5% CO 2 environment, washed three times with M2 medium and then incubated with guinea pig complement (1:10 in M16 medium; Sigma-Aldrich) for 20 min at 37°C in a 5% CO 2 environment. After being washed twice with M2 medium, ICMs were isolated from dead trophectoderm cells by pipetting. Collection of ICMs was independently carried out 3 times, and 88, 55 and 109 blastocysts were used, respectively. We confirmed that no contamination of the trophectoderm cells was detected under a stereomicroscope.
| Karyotyping, gender typing and alkaline phosphatase staining
For karyotyping, ESCs were treated with colcemid (0.1 μg/ ml; Gibco) for 4 hr and subsequently trypsinized. Collected single cells were resuspended in hypotonic 0.075 M KCl, fixed in Carnoy solution (methanol: acetic acid = 3:1) and spread onto a slide. Metaphase spreads were stained with DAPI (Dojindo Laboratories). For gender typing, isolated genomic DNA was amplified by PCR: 1 cycle of 96°C for 45 s, 34 cycles of 96°C for 15 s, 65°C for 30 s and 72°C for 30 s and 1 cycle of 72°C for 1 min. The primers used were 5′-TGGTCTGGACCCAAACGCTGTCCACA and 5′-GGCAGCAGCCATCACATAATCCAGATG for Ube1x. Alkaline phosphatase activity was detected using an alkaline phosphatase substrate kit IV BCIP/NBT (VECTOR Laboratories) according to manufacturer's protocol.
| Bisulfite genomic DNA methylation analysis by Ion PGM sequencing
Genomic DNA was isolated using an AllPrep DNA/RNA Micro Kit (Qiagen). Isolated DNA was treated with sodium bisulfite to convert unmethylated cytosine into uracil. Bisulfite-treated DNA was amplified by PCR using specific primer sets, and amplified PCR products were purified using AMPure XP (Beckman Coulter) according to the manufacturer's protocols. Subsequently, purified PCR products were amplified by nested PCR primers conjugated with Ion PGM Barcode X (comprising 13 base each) and barcode adapter GAT and then sequenced. The primers are described in Table S1 . Sequence data were processed into FASTA format files, and DNA methylation analyses were performed using the QUMA: quantification tool for methylation analysis. The methylation ratio of each chromosome (approximately 25-100 chromosomes from the maternal and paternal alleles, collectively) was visualized with a violin plot rendered using R.
| Immunocytochemistry and antibodies
For immunofluorescence staining, the cells were cultured with MMC-MEF feeder cells in a chamber slide (BD) and fixed in 4% paraformaldehyde-phosphate-buffered saline (PBS) at 4°C for 15 min. The fixed cells were permeabilized with PBS containing 0.1% Triton-X 100 (PBST) and incubated with blocking buffer (1% BSA/PBST). The cells were then incubated overnight with primary antibodies at 4°C. After being washed with PBST, the cells were incubated with secondary antibodies at room temperature for 1 hr. Culture slides were counterstained with DAPI (diluted 1:1,000, Dojindo Laboratories) and mounted with a Vectashield, HardSet Antifade kit (VECTOR Laboratories). Following antibodies were purchased commercially: goat anti-mouse Oct3/4 (C20) (#sc-8629; Santa Cruz Biotechnology), rabbit anti-mouse Nanog (M-149) (#sc-33760), purified mouse anti-SSEA1 (MC480) (#560079; BD Pharmingen), Alexa Fluor 594-conjugated donkey anti-goat IgG (#A11058; | Genes to Cells LEE Et aL.
Invitrogen), Alexa Fluor 568-conjugated goat anti-rabbit IgG (#A11036) and Alexa Fluor 488-conjugated goat anti-mouse IgM (#A21042).
| Analysis of gene expression
Total RNA was extracted using AllPrep DNA/RNA Micro Kit (QIAGEN) and was used to carry out first-strand cDNA synthesis using Superscript III (Invitrogen). For quantifying mRNA expression using real-time PCR, LightCycler 480 (Roche) and Thunderbird SYBR qPCR Mix (TOYOBO) were used. The primers used for real-time PCR are listed in Table S2 . PCR conditions were 1 cycle of 96°C for 5 min, 40 cycles of 96°C for 15 s, 60°C for 30 s, 72°C for 30 s. The relative expression level was determined by standard curve method and normalized to the expression of β-actin. The experiments were carried out on three independent cell lines. Each PCR was run in triplicate.
| EB differentiation in vitro
For EB formation, P10, P25 and P50 BJ ESCs were trypsinized and reseeded into a low cell-adhesion 96-well plate (Lipidure-coated plate) with KSR ESC medium and FBS ESC medium without 2i and LIF, and aggregated EBs were collected after 4 days. Genomic DNA was purified from approximately eight EBs for each sample for DNA methylation analysis.
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